Xin X, Zhou L, Reyes CM, Liu F, Dong LQ. APPL1 mediates adiponectin-stimulated p38 MAPK activation by scaffolding the TAK1-MKK3-p38 MAPK pathway. Am J Physiol Endocrinol Metab 300: E103-E110, 2011. First published October 26, 2010 doi:10.1152/ajpendo.00427.2010.-The adaptor protein APPL1 mediates the stimulatory effect of adiponectin on p38 mitogen-activated protein kinase (MAPK) signaling, yet the underlying mechanism remains unclear. Here we show that, in C2C12 cells, overexpression or suppression of APPL1 enhanced or suppressed, respectively, adiponectin-stimulated p38 MAPK upstream kinase cascade, consisting of transforming growth factor-␤-activated kinase 1 (TAK1) and mitogen-activated protein kinase kinase 3 (MKK3). In vitro affinity binding and coimmunoprecipitation experiments revealed that TAK1 and MKK3 bind to different regions of APPL1, suggesting that APPL1 functions as a scaffolding protein to facilitate adiponectinstimulated p38 MAPK activation. Interestingly, suppressing APPL1 had no effect on TNF␣-stimulated p38 MAPK phosphorylation in C2C12 myotubes, indicating that the stimulatory effect of APPL1 on p38 MAPK activation is selective. Taken together, our study demonstrated that the TAK1-MKK3 cascade mediates adiponectin signaling and uncovers a scaffolding role of APPL1 in regulating the TAK1-MKK3-p38 MAPK pathway, specifically in response to adiponectin stimulation.
tion of AMPK upstream kinase LKB1 (29) , the molecular mechanism underlying APPL1-regulated p38 MAPK activation remains elusive.
The p38 MAPK is a major kinase in the MAPK family and plays essential roles in regulating cell proliferation, inflammation, and immune responses (19) . Recent studies suggest that p38 MAPK acts as an essential mediator in regulating adiponectin-induced glucose uptake and fatty acid oxidation in C 2 C 12 myotubes (16, 27) . However, the molecular mechanism underlying adiponectin-stimulated p38 MAPK activation remains largely unknown. A kinase cascade consisting of transforming growth factor-␤-activated kinase 1 (TAK1), mitogenactivated protein kinase kinase (MKK) 3, and MKK6 has been reported to activate p38 MAPK in response to extracellular stimuli, including growth factors and inflammatory cytokines (18, 19) . It was unclear whether adiponectin activates p38 MAPK via a similar or a different mechanism.
In the present study, we showed that the TAK1-MKK3 kinase pathway mediates adiponectin-stimulated p38 MAPK activation in C 2 C 12 myotubes. In addition, we demonstrated that APPL1 serves as a docking platform for scaffolding the TAK1-MKK3-p38 MAPK cascade in response to adiponectin stimulation. Altering the cellular expression level of APPL1 had no effect on TNF␣-induced activation of the TAK1-MKK3-p38 MAPK kinase pathway, suggesting a selective role of this adaptor protein in regulating adiponectin signaling. Taken together, our study reveals that the APPL1-TAK1-MKK3 cascade mediates the adiponectin signaling to stimulate p38 MAPK activity in muscle cells.
MATERIAL AND METHODS
Plasmids, adiponectin, and antibodies. The cDNAs encoding fulllength and various truncation mutants of human APPL1 were generated by PCR and subcloned into the mammalian expression vector pcDNA3.1/Myc-His(ϩ)A (Invitrogen) or the bacterial expression vector pGEX-4T1 (Amersham Pharmacia Biotechnology). The recombinant globular adiponectin was produced, as described previously (16) . The short hairpin RNAs for TAK1 (V2M_193230), MKK3 (V2M_218674), MKK6 (V2M_188205), and AMPK␣2 (RMM1766_96744125), as well as control vector pSM2c (RHS1704), were purchased from OpenBiosystem (Huntsville, AL). TNF␣ (catalog no. T7539) was purchased from Sigma-Aldrich (St. Louis, MO). The antibody to APPL1 and AdipoR1 was generated as described previously (16) . All other antibodies were obtained from Cell Signaling Technologies (Danvers, MA).
Cell culture. C 2C12 myoblasts [from the American Type Culture Collection (ATCC), Manassas, VA] were grown in DMEM (ATCC) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Differentiation of C 2C12 myoblasts into myotubes was induced by growing the cells in low-serum differentiation medium (99% DMEM, 0.1% fetal bovine serum, 1% penicillin-streptomycin, and 100 nM insulin). The medium was changed daily, and multinu-cleated myotubes were normally observed in 3-5 days. APPL1 scrambled and RNA interference (RNAi) stable cell lines were generated as described previously (16) . Control and AMPK␣2 RNAi stable cell lines were generated by transfecting the cells with pSM2C or pTRIPZ/ AMPK␣2 RNAi construct and selected by puromycin, following the manufacturer's protocol (OpenBiosystem, Huntsville, AL).
Immunoprecipitation and Western blot analysis. GST in vitro affinity binding assays, coimmunoprecipitation, and Western blot experiments were carried out as described previously (16) .
RESULTS
Adiponectin activates p38 MAPK through the TAK1-MKK3 kinase cascade. Three kinases, TAK1, MKK3, and MKK6, are known as major upstream kinases, mediating p38 MAPK activation induced by extracellular stimuli, including stress and cytokines (5, 11, 19, 22) . To determine whether these kinases are involved in adiponectin-stimulated p38 MAPK activation, we suppressed their expression levels by RNAi in C 2 C 12 myocytes (Fig. 1A) . The adiponectin-induced activations of p38 MAPK were notably reduced in cells in which the expression levels of TAK1 or MKK3 are suppressed, but not in the cells in which MKK6 is suppressed (Fig. 1A) , demonstrating that the TAK1-MKK3, but not TAK1-MKK6, cascade is essential for mediating the stimulatory effect of adiponectin on p38 MAPK activation.
AMPK is not involved in adiponectin-stimulated p38 MAPK activation. The AMPK has been suggested to be upstream of p38 MAPK in the ischemic heart (12 whether AMPK is involved in the adiponectin-stimulated p38 MAPK activation. To this end, we generated C 2 C 12 stable cell lines in which AMPK␣2 was suppressed by RNAi, which impaired the intact activity of AMPK (12, 13, 21, 23, 24) . As shown in Fig. 1B , adiponectin-stimulated p38 MAPK activation was not affected in the AMPK␣2-suppressed cells. This observation is consistent with a report that AMPK and p38 MAPK pathways are dissociated in skeletal muscle (9) .
Adiponectin sequentially activates TAK1, MKK3, and p38 MAPK. We next examined whether adiponectin is able to activate TAK1 and MKK3. Time course studies showed that adiponectin stimulated TAK1 and MKK3 phosphorylation in a time-dependent manner, and the phosphorylation events occurred sequentially, i.e., TAK1, the kinase at the top of the cascade, was phosphorylated first, whereas p38 MAPK, the most downstream component of the cascade, was phosphorylated last (Fig. 1C, panels 1, 3 , and 5). These results provided further evidence that TAK1 and MKK3 are the kinases involved in adiponectin-stimulated p38 MAPK activation.
APPL1 is essential for adiponectin-stimulated TAK1-MKK3-p38 MAPK activation. APPL1 has been shown as a key mediator conveying adiponectin signaling toward p38 MAPK (16) . To determine whether APPL1 is required for adiponectinstimulated TAK1-MKK3 activation, we examined the effect of APPL1 protein expression on TAK1 and MKK3 phosphorylation in C 2 C 12 myocytes. Overexpression of APPL1 signifi- ). Graphic presentation indicated the effect of overexpression of APPL1 on Ad-stimulated activation of TAK1, MKK3, and p38 MAPK shown in the Western blot. Values are means Ϯ SE from three independent experiments. The t-test was performed by comparing the activities between mock and overexpression group at each time point. *P Ͻ 0.05 and **P Ͻ 0.01. B: suppression of APPL1 expression impaired Ad-induced TAK1-MKK3-p38 MAPK cascade activation. The scrambled control or APPL1 RNAi C2C12 myotubes were serum starved overnight and treated with 1 g/ml Ad for different times, as indicated. P-TAK1 (Thr 184 / 187 ), P-p38 MAPK (Thr 180 /Tyr 182 ), and their protein levels were detected by Western blot with specific antibodies, as indicated. MKK3 was IP with an antibody specific to MKK3, and P-MKK3 was detected by Western blot with antibody to P-MKK3/6 (Ser 189 / 207 ). Graphic presentation indicated the effect of suppressing APPL1 expression on Ad-stimulated activation of TAK1, MKK3, and p38 MAPK shown in the Western blot. The t-test was performed by comparing the activities between the scramble and APPL1-RNAi group at each time point. Values are means Ϯ SE from three independent experiments. *P Ͻ 0.05. au, Arbitrary units.
cantly enhanced basal TAK1, MKK3, and p38 MAPK phosphorylation, but had little effect on adiponectin-stimulated phosphorylation due to high basal phosphorylation of these kinases ( Fig. 2A, panels 1, 3 , and 5, lane 5 vs. lane 4). The effect of APPL1 overexpression on the basal level of p38 MAPK ( Fig. 2A, panel 5, lane 4) is consistent with what our laboratory reported previously (16) . In addition, we also found that overexpression of APPL1 led to significant enhancement of basal activities of the kinases upstream of p38 MAPK ( Fig.  2A, panels 1 and 3, lane 4) . A possible explanation could be that a limited amount of endogenous APPL1 interacts with the adiponectin receptors, and the majority of the APPL1 is sequestrated away from the receptors by APPL2 under basal conditions (25) . Overexpression of APPL1 disturbs the balance between APPL1 and APPL2 in cells, leading to excess amount of free APPL1 binding with the adiponectin receptors and subsequently activating the TAK1-MKK3-p38 MAPK pathway downstream of the adiponectin receptors. Conversely, suppressing APPL1 expression by RNAi significantly impaired adiponectin-stimulated phosphorylation of TAK1, MKK3, and p38 MAPK (Fig. 2B) . However, suppression of APPL1 expression is not sufficient to completely inhibit adiponectin-stimulated TAK1-MKK3-p38 MAPK activation (Fig. 2B) , suggesting that an APPL1-independent pathway may also contribute to adiponectin-stimulated p38 MAPK activation.
APPL1 plays a selective role in adiponectin and TNF␣-stimulated p38 MAPK activation. TNF␣ has been shown to stimulate p38 MAPK activation in C 2 C 12 cells (Ref. 6 and Fig. 3A,  lanes 2-4) . However, suppressing the expression levels of APPL1 had little effect on TNF␣-induced TAK1, MKK3, or p38 MAPK activation in C 2 C 12 myotubes (Fig. 3A, lanes 6 -8  vs. lanes 2-4) , indicating that adiponectin and TNF␣ activate p38 MAPK through distinct mechanisms, and that the effect of APPL1 on p38 MAPK cascade is highly selective to adiponectin stimulation.
There are two major isoforms, ␣ and ␤, of p38 MAPK in skeletal muscle cells (19) , and the ␤-isoform of the kinase is selectively stimulated by TNF␣ (6) . To determine whether the stimulatory effect of adiponectin is also selective, we examined the phosphorylation of the ␣-and ␤-isoforms of p38 MAPK immunoprecipitated from C 2 C 12 cells treated with adiponectin or TNF␣. Consistent with previous report (6), TNF␣ specifically activated the ␤-isoform, but not the ␣-isoform, of p38 MAPK (Fig. 3B, lane 3, panels 1 vs. 3) . On the other hand, adiponectin treatment stimulated the phosphorylation of both isoforms (Fig. 3B, lane 2, panels 1 vs. 3) . These data suggest that the ␣-isoform selectively mediates adiponectin, but not TNF␣ signaling, in skeletal muscle cells.
We next investigated the effects of APPL1 on adiponectinor TNF␣-stimulated activation of the ␣-and/or ␤-isoforms of p38 MAPK. As shown in Fig. 3C , suppression of APPL1 expression led to a significant inhibition of adiponectin-stimulated activation of both isoforms (panels 1 and 3, lane 4 vs. lane 2). In contrast, suppression of APPL1 expression had no effect on TNF␣-induced activation of the ␤-isoform (Fig. 3D,  panel 1, lane 4 vs. lane 2) . Together, these data suggested that APPL1 selectively mediates adiponectin, but not TNF␣ signal, to activate both ␣-and ␤-isoforms of p38 MAPK.
APPL1 promotes p38 MAPK activation by scaffolding TAK1, MKK3, and p38 MAPK. APPL1 consists of multiple protein-protein interaction domains, suggesting that this protein may function as an adaptor or a scaffold protein in a variety of pathways (7). Consistent with this hypothesis, GST-APPL1 fusion protein, but not GST itself, interacted with endogenous TAK1, MKK3, and MKK6 (Fig. 4A, panels 1-3,  lane 2 vs. lane 1) . In addition, GST-APPL1(BAR-PH), a mutated form of APPL1 with a truncation in the COOHterminal region (16), interacted with MKK3, but not TAK1 and MKK6 (Fig. 4A, panels 1-3, lane 3) , suggesting that TAK1 and MKK6 bind to the regions on APPL1 different from MKK3. The BAR-PH truncation of APPL1, which is unable to bind to the adiponectin receptors, has been shown to act as a dominant negative mutant that inhibits adiponectin-stimulated p38 MAPK activation (16) . The deficiency of APPL1(BAR-PH) mutant in the interaction with TAK1 could also contribute to its inhibitory role in adiponectin-induced p38 MAPK activation.
By coimmunoprecipitation experiments, we found that endogenous APPL1 interacts with TAK1 and weakly associates with AdipoR1, MKK3, and p38 MAPK in C 2 C 12 myotubes under the basal condition (Fig. 4B, panels 1-4, lane 3) . Adiponectin treatment enhanced the interaction between APPL1 and TAK1 (Fig. 4B, panel 2, lane 4 vs. lane 3) and induced a binding of the APPL1-TAK1 complex with AdipoR1 (Fig. 4B, panel 1, lanes 4 and 5 vs. lane 3) , which, subsequently, resulted in a sequential recruitment of MKK3 and p38 MAPK onto AdipoR1-APPL1-TAK1 complex (Fig. 4B, panels  3 and 4, lanes 5 and 6 vs. lane 3) . Interestingly, the time course of the interaction between APPL1 with TAK1, MKK3, and p38 MAPK is correlated with adiponectin-stimulated activation of these kinases (Figs. 4B vs. 1C) , suggesting the presence of a dynamic mechanism by which adiponectin activates p38 MAPK via promoting the interaction of APPL1 with all signal components in the p38 MAPK pathway.
It was noted that, while endogenous p38 MAPK is coimmunoprecipitated with APPL1 under the basal condition (Fig. 4B,  panel 4, lane 3) , we were unable to detect the interaction between p38 MAPK and APPL1 by in vitro binding assays (data not shown), implying that postmodification of APPL1 could play an essential role in the interaction of APPL1 with p38 MAPK or p38 MAPK binds with APPL1 indirectly in cells. Since the APPL1(BAR-PH) truncation mutant binds to Fig. 3 . APPL1 is not involved in mediating TNF␣-induced TAK1-MKK3-p38 MAPK activation. A: the scrambled control or APPL1 RNAi C2C12 myotubes were serum starved overnight and treated with TNF␣ (1 nM) for different times, as indicated. P-TAK1 (Thr 184 / 187 ), P-p38 MAPK (Thr 180 /Tyr 182 ), and their protein levels were detected by Western blot with specific antibodies, as indicated. MKK3 was IP with an antibody specific to MKK3, and P-MKK3 was detected by Western blot analysis with antibody to P-MKK3/6 (Ser 189/207 ). Graphic presentation indicated the effect of suppressing APPL1 expression on TNF␣-stimulated activation of TAK1, MKK3, and p38 MAPK shown in the Western blot. Values are means Ϯ SE from three independent experiments. The t-test was performed by comparing the activities between scramble and RNAi groups at each time point. B: the effects of Ad and TNF␣ on the activation of ␣-and ␤-isoforms of p38 MAPK in C2C12 myotubes. C2C12 myotubes were serum starved overnight and treated with either Ad (1 g/ml, 10 min) or TNF␣ (1 nM, 10 min). The ␣-and ␤-isoforms of p38 MAPK were IP, and P-p38 MAPK (Thr 180 /Tyr 182 ) was detected by Western blot analysis with antibodies, as indicated. Graphic presentation indicated the effect of Ad or TNF␣ on activation of ␣-and ␤-isoforms of p38 MAPK shown in the Western blot. Values are means Ϯ SE from three independent experiments. *P Ͻ 0.05. C: suppression of APPL1 impaired the effect of Ad on activation of the ␣-and ␤-isoform of p38 MAPK. The scrambled control or APPL1 RNAi C2C12 myotubes were serum starved overnight and treated with 1 g/ml Ad for 10 min. The ␣-and ␤-isoforms of p38 MAPK were IP, and the P-p38 MAPK (Thr 180 /Tyr 182 ) was detected by Western blot analysis with specific antibodies, as indicated. Graphic presentation indicates the effect of suppression of APPL1 on Ad-stimulated activation of the ␣-and ␤-isoforms of p38 MAPK shown in the Western blot. Values are means Ϯ SE from three independent experiments. *P Ͻ 0.05. D: suppression of APPL1 had no effect of TNF␣ on activation of the ␤-isoform of p38 MAPK. The scrambled control or APPL1 RNAi C2C12 myotubes were serum starved overnight and treated with TNF␣ (1 nM) for 10 min. The ␤-isoform of p38 MAPK was IP, and the P-p38 MAPK (Thr 180 /Tyr 182 ) was detected by Western blot analysis with specific antibodies, as indicated. Graphic presentation indicated the effect of suppression of APPL1 on TNF␣-stimulated activation of ␤-isoform of p38 MAPK shown in the Western blot. Values are means Ϯ SE from three independent experiments. *P Ͻ 0.05. MKK3 but not TAK1 (Fig. 4A, panel 1 vs. panel 2, lane 3) , we tested whether altering the expression levels of this mutant activates MKK3. However, we found that overexpression of the APPL1(BAR-PH) truncation mutant was unable to activate MKK3 (data not shown), suggesting that an optimized binding and/or topological orientation of all components in TAK1-MKK3-p38 MAPK cascade is necessary for adiponectin-induced activation of MKK3. This observation is also consistent with our previous finding that overexpression of the APPL1(BAR-PH) mutant does not activate p38 MAPK activation in C 2 C 12 myocytes (16).
DISCUSSION
Previous studies showed that adiponectin activates p38 MAPK through AdipoR1-and APPL1-dependent mechanism (16, 27) . However, the underlying mechanism remains unknown. In this study, we demonstrated that the TAK1-MKK3 pathway mediates adiponectin-stimulated p38 MAPK activation, and that APPL1 functions as a scaffolding protein to form a complex with TAK1, MKK3, and p38 MAPK in muscle cells, leading to selective and effective activation of this cascade in response to adiponectin (Fig. 5) .
Our study has demonstrated that APPL1 scaffolds TAK1 and MKK3 via different regions (Fig. 4A) . While several MKKs have been shown to activate p38 MAPK in response to TNF␣ and UV stimulation (18, 19) , we found that adiponectinstimulated p38 MAPK activation selectively requires MKK3 in muscle cells (Figs. 1A) . Interestingly, we found that MKK6 can also interact with APPL1 in vitro (Fig. 4A, panel 3) , although it is not involved in adiponectin-stimulated p38 MAPK activation (Fig. 1A) . This result suggests that MKK6 may be involved in another signaling event that is also mediated by APPL1. Recently, the TAK1-MKK6-p38MAPK axis was reported to be essential for the differentiation of C 2 C 12 myocytes induced by low serum (3). Interestingly, the APPL1-mediated p38 MAPK activation is also involved in C 2 C 12 myocyte differentiation (1). Therefore, it is possible that the interaction between APPL1 and MKK6 plays a role in myogenesis. Further investigations will be needed to test this possibility.
In the present study, we have found that adiponectin stimulation leads to a multiprotein complex formation (APPL1, AdipoR1, TAK1, MKK3, and p38 MAPK) (Fig. 4B) , resulting in chronological activation of the TAK1-MKK3-p38 MAPK kinase cascade (Figs. 1C and 5) . Interestingly, once activated, the components in this cascade dissociate from APPL1 (Figs. 4B and 5), followed by dephosphorylation of these kinases (Figs. 1C and 5) . A possible explanation for these findings is that the interaction with APPL1 ensures timely activation of this cascade and prevents dephosphorylation of these kinases from the action of a protein phosphatase(s). Thus APPL1 acts as a docking platform to dynamically and efficiently regulate the TAK1-MKK3-p38 MAPK kinase cascade in response to adiponectin stimulation (Fig. 5) .
The data from the affinity-binding assay suggest that p38 MAPK was unable to bind with GST-fused APPL1 under in vitro conditions (data not shown), although endogenous p38 MAPK was coimmunoprecipitated with APPL1 under basal conditions (Fig. 4B) . One possible explanation is that posttranslational modification on APPL1 may contribute to the binding with p38 MAPK in cells. Alternatively, p38 MAPK may bind to the NH 2 -terminus of APPL1, and the GST protein fused to the NH 2 -terminus of APPL1 may interrupt this binding. The other possibility is that MKK3 acts as a "carrier" to bring p38 MAPK onto the APPL1-MKK3 complex in response to adiponectin stimulation. Together, our study indicates that APPL1 protein is essential for controlling adiponectin-induced TAK1-MKK3-p38 MAPK cascade activation, which is a highly dynamic process in cells.
It has been reported that AMPK functions as an upstream kinase of p38 MAPK in regulating glucose uptake stimulated by stretch and AICAR, however, it is still controversial whether AMPK-stimulated p38 MAPK activation is a common mechanism in skeletal muscle (4, 9, 12, 26) . Suppression of AMPK␣2 expression significantly affected AMPK activity and impaired the ischemia-induced p38 MAPK activation in ischemic heart (12), suggesting a role of AMPK␣2 in the activation of p38 MAPK. To test whether a similar mechanism is involved in adiponectin-induced p38 MAPK activation, we generated a stable C 2 C 12 cell line in which the expression levels of the AMPK␣2 subunit are remarkably suppressed by RNAi (13) . As shown in Fig. 1B , suppressing the expression of the ␣2-subunit of AMPK, a subunit essential for intact AMPK activity (12, 13, 21, 23, 24) , had no significant effect on the stimulatory role of adiponectin in p38 MAPK activation in C 2 C 12 cells (Fig. 1B) , suggesting that AMPK is dispensable for adiponectin-stimulated p38 MAPK activation in C 2 C 12 myotubes. Thus the involvement of AMPK in p38 MAPK activation may be a tissue-and pathway-specific event. Combined with the evidence that TAK1-MKK3 pathway transmits adiponectin signaling to p38 MAPK (Fig. 1A) , our data demonstrate that the TAK1-MKK3 axis, but not AMPK, functions as a major regulator, mediating the effect of adiponectin toward p38 MAPK.
The p38 MAPK is a vital enzyme in maintaining metabolic homeostasis (14) , and its activation is essential for exercise-, insulin-, and adiponectin-induced glucose and lipid utilization (8, 14 -16, 27) . However, aberrant activation of p38 MAPK could contribute to chronic inflammation-induced insulin resistance (6). Since both adiponectin and TNF␣ can activate p38 MAPK (6, 16), while adiponectin acts as an anti-inflammatory factor by inhibiting the expression and activity of TNF␣ in vivo (20) , it implies that the activity of p38 MAPK is differently regulated by adiponectin and TNF␣ in cells. Consistent with this, our data showed that adiponectin activates both of the ␣-and the ␤-isoforms of p38 MAPK, whereas TNF␣ only stimulates the ␤-isoform of this kinase in muscle cells (Fig.  3B ). In addition, we found that APPL1 specifically mediates adiponectin-but not TNF␣-induced p38 MAPK activation (Fig. 3) .
In summary, we have demonstrated TAK1-MKK3 as the upstream kinases for mediating adiponectin signal to stimulate p38 MAPK activity in muscle cells. In addition, we have shown that APPL1 acts as a scaffolding protein to orchestrate the activities of the TAK1-MKK3-p38 MAPK. Furthermore, we have demonstrated that the scaffolding action of APPL1 on TAK1-MKK3-p38 MAPK cascade is selective to adiponectin, but not TNF␣. Identification of TAK1 and MKK3 as new signal components in adiponectin pathway and elucidation of the mechanism by which APPL1 scaffolds TAK1-MKK3-p38 MAPK pathway should provide important information for understanding the molecular mechanism of adiponectin action and identification of novel targets of insulin resistance and associated metabolic diseases. Fig. 5 . A model of APPL1-regulated TAK1-MKK3-p38 MAPK pathway in response to Ad stimulation. C', indicates the COOH terminus of AdipoR1. Under the basal condition, APPL1 binds with inactive TAK1 and weakly associates with MKK3 and p38 MAPK. On Ad stimulation, APPL1 interacts with AdipoR1, leading to activation of TAK1 and, subsequently, recruitment of MKK3 and p38 MAPK to form a complex consisting of AdipoR1, APPL1, TAK1, MKK3, and p38 MAPK. Once MKK3 is activated, TAK1 dissociates from APPL1, and the activity of TAK1 is rapidly downregulated. This process occurs concurrently with the dissociation of APPL1 complex from AdipoR1 and, in turn, stimulates the downstream events regulated by TAK1-MKK3-p38 MAPK pathway.
